Background: Polycomb repressive complex PRC1 is an epigenetic regulator of cellular differentiation. However, its function during adipogenesis is unknown. Results: FBXL10/KDM2B recruited noncanonical PRC1 complex in F-box and LRR motifs dependent on cell cycle-related genes and Pparg genes and repressed 3T3-L1 adipogenesis. Conclusion: Noncanonical PRC1 complex containing FBXL10/KDM2B regulates adipogenesis. Significance: Our findings revealed a novel epigenetic mechanism of adipogenesis.
Polycomb repressive complex 1 (PRC1) plays an essential role in the epigenetic repression of gene expression during development and cellular differentiation via multiple effector mechanisms, including ubiquitination of H2A and chromatin compaction. However, whether it regulates the stepwise progression of adipogenesis is unknown. Here, we show that FBXL10/KDM2B is an anti-adipogenic factor that is up-regulated during the early phase of 3T3-L1 preadipocyte differentiation and in adipose tissue in a diet-induced model of obesity. Interestingly, inhibition of adipogenesis does not require the JmjC demethylase domain of FBXL10, but it does require the F-box and leucine-rich repeat domains, which we show recruit a noncanonical polycomb repressive complex 1 (PRC1) containing RING1B, SKP1, PCGF1, and BCOR. Knockdown of either RING1B or SKP1 prevented FBXL10-mediated repression of 3T3-L1 preadipocyte differentiation indicating that PRC1 formation mediates the inhibitory effect of FBXL10 on adipogenesis. Using ChIP-seq, we show that FBXL10 recruits RING1B to key specific genomic loci surrounding the key cell cycle and the adipogenic genes Cdk1, Uhrf1, Pparg1, and Pparg2 to repress adipogenesis. These results sug-gest that FBXL10 represses adipogenesis by targeting a noncanonical PRC1 complex to repress key genes (e.g. Pparg) that control conversion of pluripotent cells into the adipogenic lineage.
The mouse 3T3-L1 cell line has been a paradigm for investigating molecular events that contribute to adipocyte differentiation (1) . Following the growth arrest by contact inhibition, treatment of 3T3-L1 preadipocytes with an induction mixture comprised of insulin, glucocorticoids, and the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (MDI 4 mixture) induces two cycles of mitotic clonal expansion (MCE) followed by terminal differentiation to mature adipocytes. This adipogenic process is orchestrated by an elaborate cascade of sequentially acting transcription factors and chromatin modifiers that shape differentiation downstream of the hormones and signaling pathways that are targeted by the MDI mixture. During the very early stage of adipogenesis, there is a rapid induction of Cebpb and Cebpd within 24 h after induction that is required to complete the first round of MCE that is completed 24 -36 h after the initiation of induction. This is followed by the second round of MCE that is completed 48 -60 h post-induction and the activation of two critical pro-adipogenic transcription factors, Cebpa and Pparg expression (2, 3) . These two factors then initiate positive feedback to induce their own expression and also coordinately activate transcription of many genes that define the terminally differentiated adipocyte phenotype (2, 4) .
A number of transcription factors and signaling pathways have been identified as regulators of adipogenesis (5, 6) , and recent studies have also uncovered novel epigenetic processes that contribute to adipogenesis in 3T3-L1 cells (7) (8) (9) .
Epigenetic regulation, including DNA methylation and posttranslational covalent modifications of histones, modifies chromatin structure and is pivotal in cell lineage decisions by selectively activating or repressing transcription of subsets of tissue-specific genes. The broad range modification of histones in specific chromosomal regions has a dominant role in determining whether large areas of chromatin are "open" and actively transcribed or "closed" and transcriptionally repressed. Polycomb group (PcG) proteins are conserved chromatin proteins that contribute to gene silencing throughout higher eukaryotes (10, 11) . PcGs are assembled into large multiprotein complexes that selectively occupy chromatin sites and modify chromatin activity. The two best characterized PcG complexes are polycomb repressive complex 1 (PRC1) and PRC2, and they are known to affect lysine 119 ubiquitination of histone H2A (H2AK119ub) and H3K27 tri-methylation (H3K27me3), respectively (12) (13) (14) .
PRC1 complexes contain a central core RING1 protein that is the catalytically active ubiquitinating enzyme (15) . Although it is clear that H2A ubiquitination plays an important role in PRC1-mediated silencing, exactly how H2A ubiquitination influences transcriptional repression is not fully understood. Other mechanisms, including chromatin compaction and interaction with the general transcription machinery, are considered to contribute to full PRC1 repressive capacity (16, 17) . Studies on polynucleosome compaction suggest that chromatin dynamics, including nucleosome positioning, organization, and packing, all contribute to transcriptional activity (18) .
FBXL10 is a paralog of the first identified JmjC domain containing histone demethylase FBXL11. FBXL10 contains several functional domains, including the catalytic JmjC, a DNA-binding CXXC zinc finger, an F-box domain, a PHD finger, and eight leucine-rich repeats (LRRs). The JmjC domain is required for demethylation of FBXL10 targets, including H3K36 (19, 20) and H3K4me3 (21, 22) , which contribute to cellular senescence (20) , apoptosis (23) , repression of ribosomal RNA expression (22) , hematopoietic stem cell self-renewal (24) , pluripotent stem cell generation (iPS) (19) , and the proper generation of the neural tube in vivo (25) .
Besides regulation of histone demethylation, FBXL10 silences gene expression by interacting with a noncanonical PRC1 complex (26 -28) that contains RING1B E3 ubiquitin ligase and additional proteins such as SKP1 and PCGF1/NSPC1 (a paralog of BMI1) (26 -29) . In this complex, FBXL10 influences gene repression by modulating H2AK119 ubiquitination. The mechanism includes FBXL10 recruiting the PRC1 complex to nonmethylated CpG islands through its CXXC DNA binding domain (26, 29, 30) , which is important in embryonic stem (ES) cells. This mechanism has been proposed to account for ϳ43% of RING1B/PRC1 repression (30) . It was recently reported that FBXL10 maintains embryonic stem cell status, importantly, not through normal demethylation activity but through noncanonical PRC1 recruiting (31) . Thus, the noncanonical PRC1 complex containing FBXL10 plays a major role in regulating cell differentiation status, but its role in adipogenesis has not been investigated. In this study, we show that FBXL10 regulates 3T3-L1 preadipocyte differentiation independent of its demethylase activity but through noncanonical PRC1 complex formation.
EXPERIMENTAL PROCEDURES
Antibodies-Rabbit polyclonal anti-SKP1 (catalog no. 2156), rabbit monoclonal anti-RING1B (catalog no. 5694, clone D22F2, used for immunoblot), and anti-H2Aub (catalog no. 8240, Clone D27C4, used for immunoblot) were from Cell Signaling Technology (Danvers, MA); mouse monoclonal anti-RING1B (catalog no. 39663, used for ChIP) was from Active Motif (Carlsbad, CA); mouse monoclonal anti-TATA-binding protein (1TBP18) (NB500-700) was from Novus Biologicals (Littleton, CO); rabbit polyclonal anti-BCOR (SAB4502272), mouse monoclonal anti-␤-actin (clone AC74, A5316), mouse monoclonal anti-FLAG M2-peroxidase (HRP) antibody (A8592), horseradish peroxidase conjugated affinity-purified goat antimouse IgG (A4416), and anti-rabbit IgG (A0545) were from Sigma; mouse monoclonal anti-V5 tag (R960-25) was from Invitrogen; control mouse IgG (0107-01) was from Southern Biotechnology (Birmingham, AL); rabbit polyclonal anti-histone H3K4me3 (catalog no. 07-473), rabbit polyclonal anti-Histone H3K27me3 (catalog no. 07449), and mouse polyclonal anti-histone H2Aub (catalog no. 05-678, clone E6C5, used for ChIP) were from Millipore (Billerica, MA); rabbit polyclonal anti-mouse IgM (catalog no. 31196, used for ChIP) was from Thermo Fisher Scientific (Waltham, MA); mouse monoclonal anti-PPAR␥ (IgG-A3409) were raised in our laboratory as described previously (9) .
Cell Culture and Staining-3T3-L1 mouse preadipocytes (CL-173, American Type Culture Collection) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum at 37°C in 5% CO 2 . For adipocyte differentiation, 2 days after reaching confluence (day 0), 3T3-L1 preadipocytes were treated with differentiation medium containing insulin (1 g/ml), 0.25 M dexamethasone, and 0.5 mM isobutylmethylxanthine (MDI mixture) for 48 h followed by treatment with insulin (1 g/ml) alone with medium replacement every 2 days as described previously (8, 9) . To induce differentiation by PPAR␥ ligand, troglitazone (1 M) (Cayman, Ann Arbor, MI) was added to the medium on the day of induction (day 0) in addition to the MDI mixture for 48 h followed by treatment with insulin (1 g/ml) and troglitazone (1 M) with medium replacement every 2 days. To inhibit adipogenesis, 3T3-L1 preadipocytes were exposed to 20 ng/ml Wnt3a (R&D Systems, Minneapolis, MN) in addition to MDI mixture for 48 h from the 1st day of induction. On day 8 of differentiation, the cells were stained with Oil Red O (ORO) as described previously (8, 9) . TT2 embryonic stem (ES) cells were cultured as described (32) .
Retroviral Transduction and Cell Proliferation-To construct retroviral expression vectors for FBXL10-1 and -2 containing the V5 epitope tag at the COOH terminus, we amplified coding sequences of mouse FBXL10-1 (IMAGE clone ID 6851421/AV133-d1) and mouse FBXL10-2 (cDNA prepared from 3T3-L1 preadipocytes) and cloned them into the EcoRI/ NotI site of pMXs-puro vector driven by weak LTR promoter (a kind gift from Dr. Toshio Kitamura, University of Tokyo) (33) . We also constructed their internal deletion mutants (⌬JmjC, ⌬CXXC, ⌬PHD, ⌬F-box, and ⌬LRR) by using KOD-Plus mutagenesis kit (TOYOBO, Osaka, Japan). To construct retroviral expression vector for FBXL11 containing the FLAG epitope tag at the amino terminus, we amplified coding sequences of mouse Fbxl11 by PCR using the cDNA prepared from white adipose tissue of C57BL/6J mice and ligated into the NotI site of pMXs-IRES-puro vector LTR promoter. All PCRgenerated constructs were verified by sequencing. Using these vectors, retroviral infection to 3T3-L1 preadipocytes was performed as described (8, 9) . For growth curve analysis, retrovirally transduced 3T3-L1 preadipocytes on the indicated time points were counted on the indicated days.
Cell Cycle Analysis Using Fluorescence-activated Cell Sorting (FACS)-The cell cycle analysis was performed using APC BrdU flow kit (BD Biosciences) as described elsewhere (34) . Briefly, cultured cells were labeled with 10 M bromodeoxyuridine (BrdU) for 1 h, washed, collected, fixed, and permeabilized with Cytofix/Cytoperm buffer (BD Biosciences) containing 3-5% formaldehyde. Then the cells were treated with DNase (300 g/ml) to expose BrdU epitope for 1 h at 37°C, washed, and then stained with FITC-conjugated anti-BrdU antibody for 20 min at room temperature, washed again, and centrifuged. Staining buffer containing 7-aminoactinomycin D (7-AAD) was added to each tube to resuspend the cells, and the stained cells were analyzed by flow cytometry using FACScan II (BD Biosciences). Acquired multiparameter data were analyzed using CellQuest software (BD Biosciences) with the combination of BrdU and 7-AAD; two color flow cytometric analysis permits the enumeration and characterization of cells that are actively synthesizing DNA (BrdU incorporation) in terms of their cell cycle position. As shown by the region gates applied to the 7-AAD versus BrdU dot plot, flow cytometric analysis of cells stained with the reagents allowed the discrimination of cell subsets that were in the S phase (green), G 0 /G 1 phase (purple), and G 2 ϩM phase (blue).
Immunoprecipitation and Immunoblot Analysis-The methods for cell fractionation and immunoprecipitation were described previously (35) (36) (37) (38) . Immunoblots were visualized by chemiluminescence using Super Signal West Dura Extended Duration Substrate (Thermo Fisher Scientific), and luminescent images were analyzed by ImageQuant LAS 4000mini (GE Healthcare).
Identification of FBXL10-interacting Proteins-Retrovirally transduced 3T3-L1 preadipocytes were grown in a 15-cm dish, harvested, and centrifuged at 1,000 ϫ g for 5 min. Then the pellet of cells was washed once with PBS and frozen at Ϫ80°C until use. All subsequent operations were carried out on ice or at 4°C. Each cell pellet was thawed out and allowed to swell in hypotonic buffer B (10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, and a mixture of protease inhibitors (Complete, Mini, EDTA-free; Roche Applied Science)) for 30 min, passed through a 25-gauge needle five times, and centrifuged at 20,000 ϫ g for 1 min. The pellet was resuspended in 0.2 ml of buffer C (10 mM HEPES (pH 7.9), 10 mM KCl, 1 mM MgCl 2 , 0.5% Nonidet P-40, and a mixture of protease inhibitors) and sonicated on ice 10 times using 10-s pulses using a Sonifier cell disruptor model 250 (Branson Ultrasonics), and then the debris was removed by centrifugation. Supernatants were collected, and buffer was exchanged to 50 mM Tris-HCl (pH 8.0), 100 mM KCl, 0.1 mM EDTA, 5% glycerol, 0.1% Nonidet P-40 by Econo-Pac 10DG (Bio-Rad), ultrafiltrated by Amicon Ultra-4 MWCO 30K (Millipore), and used for immunoprecipitation. The samples were incubated with control IgG or anti-V5 epitope antibody cross-linked with Dynabeads protein G (Invitrogen) and rotated for 18 h at 4°C. The beads were washed three times with buffer containing 20 mM HEPES (pH 7.9), 200 mM KCl, 2 mM EDTA, 0.1% Nonidet P-40, after which the protein complexes were eluted with buffer containing 62.5 mM Tris-HCl (pH 6.8), 2% SDS, and 25% glycerol for 5 min at 95°C. Each eluate was precipitated with methanol and chloroform, washed with ice-cold acetone, and centrifuged at 2,000 ϫ g for 10 min as described (39) . Each pellet was airdried and resuspended in 25 mM NH 4 HCO 3 buffer containing 25% (v/v) CH 3 CN at room temperature. The samples were reduced in 1.2 mM tris(2-carboxyethyl)phosphine for 15 min at 50°C and alkylated in 3 mM iodoacetamide for 30 min at room temperature, respectively. The samples were digested overnight with 100 ng of trypsin (Promega) at 37°C as described (40) . Aliquots of trypsinized samples were analyzed by liquid chromatography-tandem mass spectrometry (LC/MS/MS) as we described previously (40) . Protein quantification was done by processing the acquired LC-MS data with the software Progenesis LC-MS (version 2.6; Nonlinear Dynamics, Newcastle, UK). MS/MS spectra from features with charge ϩ2, ϩ3, and ϩ4 were exported and searched against the Swiss-Prot database using Mascot (version 2.3; Matrix Science).
Small Interfering RNA (siRNA)-The duplexes of each small interfering RNA (siRNA), targeting murine Fbxl10 mRNA (MSS219951 and MSS219952; Invitrogen), Skp1 (sc-36498A; Santa Cruz Biotechnology), Cul1 (MSS219122 and MSS219123; Invitrogen), or Ring1B (sc-62947A and sc-62947C; Santa Cruz Biotechnology) and control siRNA (Santa Cruz Biotechnology sc-44230 or Invitrogen Stealth RNAi, Negative Control Low GC Duplexes 12935-200) were transfected into cells using Lipofectamine RNAi MAX reagent (Invitrogen) as described (8, 9) .
Isoform-specific Fbxl10 mRNA Quantitation-The expression levels of each isoform of Fbxl10 mRNAs were quantitatively analyzed by means of qPCR. As the standard template for Fbxl10-1 and -2, we generated the chimeric plasmid where the nucleotides from 1622 to 1651 of mouse Fbxl10-1 relative to the translation initiation site were replaced with the sequences from 1622 to 1651 of mouse Fbxl10-2 and used (see Fig. 1D ). All reactions were done in triplicate.
Chromatin Immunoprecipitation (ChIP)-The chromatin immunoprecipitation (ChIP) assays were performed as described previously (8, 9, 37) with the following modifications. For ChIP using anti-RING1B, cells were cross-linked with 1.5 mM ethylene glycol bis(succinimidylsuccinate) (Thermo Fisher Scientific) for 30 min at followed by second cross-linking by addition of 1% formaldehyde for 10 min. For ChIP using anti-H2Aub, anti-H3K27me3, and anti-V5 antibodies, cells were crosslinked with 1% formaldehyde for 10 min. For both cross-linking conditions, fixations were stopped by adding 0.2 M glycine. After cross-linking, nuclear pellets were prepared and resuspended in 2 ml of lysis buffer (25 mM Tris-HCl (pH 8.0), 3 mM EDTA, 0.2% SDS, 0.9% Triton X-100, and 133 mM NaCl), and chromatin DNA was sonicated to generate a 0.5-kb average fragment (for anti-H2Aub, anti-H3K27me3, and anti-V5-tag) to a 2-kb average fragment (for anti-RING1B). ChIP was performed using anti-RING1B (clone D22F2; Cell Signaling Technology), anti-H3K27me3 (catalog no. 07449, Millipore), anti-V5 (R960-25; Invitrogen), anti-H2Aub (catalog no. 05-678, clone E6C5, Millipore), or control IgG. Prewashed magnetic Dynabeads (Invitrogen) were incubated with each antibody in 500 l of buffer A (PBS containing 0.01% Tween 20) for 1 h by wheel rotating at room temperature. Subsequently, sonicated cross-linked nuclear lysates (350 g in 200 l buffer A) were added and incubated overnight at 4°C by wheel rotating. For H2Aub ChIP, anti-H2Aub was incubated overnight at 4°C by wheel rotating; subsequently, anti-mouse IgM antibody preincubated with Dynabeads was added and then incubated for 3 h. DNA was purified using QIAquick PCR purification kit (Qiagen, Valencia, CA), and the concentration was measured by Qubit double-stranded DNA high sensitivity assay kit (Invitrogen).
qPCR, ChIP-qPCR, ChIP-seq, and Transcriptome Microarray Analysis-These procedures were described previously (8, 9, 41, 42) . ChIP sequencing was done with an Ilumina/Solexa sequencer. qPCR was carried out in 384-well plates using ABI PRISM 7900HT sequence detection system (Applied Biosystems/Invitrogen). All reactions were done in triplicate. All primer sequences used in this article are listed in Tables 1 and 2 . For transcriptome analysis of 3T3-L1 preadipocytes, GeneChip Mouse Genome 430 2.0 Array (Affymetrix, Santa Clara, CA) was used as described previously.
Computational Data Analysis-For ChIP-seq data processing, all bound DNA fragments were mapped to UCSC build mm9 (NCBI Build 37) assembly of the mouse genome by the mapping program ELAND based on the 5Ј-side 36-bp sequences. To identify ChIP-seq-enriched regions, regions of ChIP-seq that were enriched over the background were identified with SICER (43, 44) using the default values for the parameters: window size, 200 bp; gap size, 400; E-value threshold, 100. To annotate binding sites of V5-FBXL10 and RING1B, the closest genes and the intragenic binding sites were assigned to those genes. The closest gene is defined as follows: if binding sites of V5-FBXL10 or RING1B lie between gene A and B, and gene A is closer, V5-FBXL10 or RING1B assigns to gene A. The distance from the gene is not counted. Even if two genes are very far away from each other and the binding sites and gene A is very far, this rule is still applied. For gene ontology analysis, we used DAVID bioinformatics resources (david.abcc.ncifcrf.gov) (45) .
Data Access-Microarray and ChIP-Seq data were deposited in the Gene Expression Omnibus (GEO) database with accession numbers GSE64154 and GSE64312, respectively.
Animal Experiments-All animal work was conducted according to the institutional guidelines. C57BL/6J mice (10 weeks of age) were purchased from Charles River and housed in a temperature-controlled (23°C) facility with a 12-h light/dark cycle (09:00 to 21:00). Mice were fed with a normal chow diet (CLEA Japan) or a high fat diet (HFD) ad libitum for 8 weeks and then sacrificed for the total RNA extraction from epididymal white adipose tissues.
Statistical Analysis-All data are presented as mean Ϯ S.E. Student's t test was performed for the comparison of two groups. A value of p Ͻ 0.05 was considered significant. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
TABLE 1 Primers for qPCR

Gene Forward primer (5-3) Reverse primer (5-3)
Cdk1 
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RESULTS
FBXL10 Isoform Expression during 3T3-L1 Differentiation-
To investigate further the epigenetic cues that mediate adipogenesis, we examined expression of histone modification enzyme genes in 3T3-L1 preadipocytes that were treated for 8 days with a hormone mixture containing MDI to induce differentiation. In a companion culture, we also induced differentiation with MDI in the presence of exogenous Wnt3a to inhibit adipogenesis (8, 46) . Gene expression analyses by oligonucleotide microarray revealed that Fbxl10 shows a unique regulation pattern; its expression increased up to 4-fold over basal levels, peaked at 48 h, and then rapidly declined (Fig. 1A) . This induction was blunted by Wnt3a treatment that keeps preadipocytes in a quiescent state ( Fig. 1A) . FBXL10 is a JmjC domain containing histone demethylase and contains several domains in addition to the NH 2 -terminal JmjC domain. These include a CXXC zinc finger domain, a PHD finger, the signature F-box, and eight leucine-rich repeats (Fig. 1, B and D) . The mouse Fbxl10 gene encodes three isoforms due to the use of alternative promoters and splice sites ( Fig. 1, B and D) . Isoforms 1 and 3 (designated FBXL10-1 and -3, respectively) both contain all of the identified domains above, but they are encoded from transcripts that have unique exons at their 5Ј end and differ in their 5Ј-UTR and amino-terminal protein sequences (Fig. 1, B and D). Isoform 2 (designated FBXL10-2) lacks the JmjC domain and has a distinct amino terminus when compared with isoforms 1 and 3 (Fig. 1, B and D) . qPCR analyses revealed that about 80% of Fbxl10 mRNA in 3T3-L1 preadipocytes corresponds to isoform 2 (Fig. 1, C and D) . Fig. 1C shows isoform 2 levels increase during first 48 h of differentiation but abruptly decrease afterward. Isoform 1 mRNA levels were constantly low during adipogenesis, and the estimated isoform 3 mRNA level, which was calculated by subtracting isoforms 1 and 2 from all Fbxl10 subtypes mRNA levels, was also low. These data indicate that isoform 2 is the predominant Fbxl10 isoform and is induced during the early phase of differentiation of 3T3-L1 preadipocytes.
Fbxl10 Levels Are Elevated in Mouse Models of Obesity-To see whether Fbxl10 isoforms show altered expression in the mouse model of obesity, we examined adipose tissue from C57BL/6J mouse fed a high fat diet. We randomized 6-week-old C57BL/6J littermates and fed them either normal or HFD for 8 weeks, extracted RNA from epididymal fat depots, and examined the expression of Fbxl10 by qPCR. Similar to 3T3-L1 cells, isoform 2 (FBXL10-2) was the predominant isoform expressed in white adipose tissue, and it was induced by more than 20-fold in HFD-fed mice relative to normal chow diet-fed mice (Fig. 1E ). These data suggest that FBXL10 signals may be germane to fat differentiation and possibly pathophysiology in vivo as well.
FBXL10 Inhibits Adipocyte Differentiation-To examine whether FBXL10 has a function in regulating adipocyte differentiation, we examined the effects of expression of FBXL10-1 and -2 isoforms by retroviral transduction during 3T3-L1 preadipocyte differentiation using a retroviral vector with a very weak long terminal repeat (LTR) promoter. Following transduction, 3T3-L1 preadipocyte were treated with the MDI mix-ture to induce differentiation. In this experiment, FBXL10 blocked the morphological changes associated with adipogenesis, most notably through a marked decrease in accumulation of lipids as stained by ORO ( Fig. 1F ). This morphological effect was accompanied by a profound decline in the induction of the key adipogenic transcription factors Cebpa and Pparg together with a PPAR␥ target gene Cd36 in FBXL10-transduced 3T3-L1 preadipocytes (Fig. 1G ). Additional gene expression analysis by qPCR using isoform-specific primers for Pparg showed both Pparg1 and Pparg2 mRNA levels were suppressed in FBXL10expressing cells, which was associated with reduced protein levels (Fig. 1, H and I) . However, Cebpb and Cebpd, two critical adipogenic genes whose expressions are induced in the early phase of adipocyte differentiation (ϳ24 h after induction), were induced normally suggesting that FBXL10 acts on or upstream of Pparg and Cebpa in a transcriptional cascade but independent of Cebpb and Cebpd (Fig. 1G ). These results demonstrate that the ectopic expression of FBXL10 inhibits adipogenesis, and this inhibition does not require its JmjC catalytic domain suggesting that FBXL10 repression of adipogenesis is not mediated by its demethylation activity. To complement the sufficiency results, we undertook necessity tests by predicting that a decrease in FBXL10 expression would enhance differentiation of 3T3-L1 preadipocytes (Fig. 1J ). Because the MDI mixture is very efficient in converting 3T3-L1 preadipocytes into mature adipocytes, we reasoned that it would be difficult to assess an increase in adipogenesis using MDI. Therefore, we also examined induction with dexamethasone only or dexamethasone plus insulin to induce differentiation, either of which is much more inefficient by themselves for inducing differentiation than the complete MDI mixture. A control siRNA or two independent siRNA oligonucleotide sequences that target Fbxl10 were separately transfected into 3T3-L1 cells, which were then treated with dexamethasone, dexamethasone plus insulin, or MDI and cultured for 8 days. Treatment with either Fbxl10 siRNA decreased Fbxl10 mRNA levels (Fig. 1J, top) ; however, the difference in lipid accumulation was very subtle between control and Fbxl10 knockdown 3T3-L1 cells (Fig. 1J, bottom) . In agreement with this, the level of Pparg mRNA was not elevated in 3T3-L1 cells transfected with two independent siRNAs that target Fbxl10 compared with those transfected with a control siRNA as determined by microarray analysis (data not shown). This suggests that induction of Fbxl10 mRNA expression itself may be to fine-tune some physiological responses during adipocyte differentiation and may not be actively suppressing adipogenesis (see under "Discussion").
FBXL10 Transduction Results in G 1 Arrest by Blocking Cyclin-dependent Entry into S Phase during MCE-Because
MCE is an important step that takes place at the early stage during differentiation of 3T3-L1 preadipocytes to adipocytes (3), we examined the effect of ectopic expression of FBXL10 on MCE of preadipocytes. The cell proliferation before reaching confluency did not differ between empty and FBXL10 vectortransduced preadipocytes ( Fig. 2A) . After reaching confluence when cells were induced for differentiation by MDI, the number of control 3T3-L1 preadipocytes was increased ϳ4-fold; however, FBXL10 consistently reduced this by 2-fold indicating that MCE was incomplete (Fig. 2B ). Bromodeoxyuridine
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(BrdU) pulse labeling followed by flow cytometry analysis revealed that the percentage of S phase cells at 48 h of induction was dramatically reduced when constructs corresponding to the two naturally occurring FBXL10 isoforms 1 and 2 were transduced into preadipocytes relative to those of control preadipocytes (Fig. 2, C and D) . This analysis also revealed that the percentage of M phase cells was reduced at 48 h after induction relative to control (Fig. 2E) . These data indicate that MCE of 3T3-L1 preadipocytes transduced with FBXL10 was incomplete under conditions where control 3T3-L1 preadipocytes underwent two full rounds of MCE. Consistently, analysis of representative cell cycle-regulatory protein genes by oligonucleotide microarray and qPCR analyses revealed that the expression of Cdk2 and cyclin E1 genes, whose gene products mediate G 1 to S transition, cyclin A2 and B1 genes, which mediate entry of G 2 to M phase, and Cdk1 gene, whose product mediates both G 1 /S and G 2 /M transitions, were reduced by 40 -80% at 48 h in FBXL10-transduced 3T3-L1 preadipocytes as compared with control cells (Fig. 2F ). Altogether, these data demonstrate that FBXL10 transduction leads to G 1 /S and also G 2 /M cell cycle arrest during MCE.
F-box and LRRs Domain-dependent Inhibition of Adipogenesis by FBXL10 -Because the inhibition of adipogenesis did not require the JmjC domain, the mechanism is independent of its demethylase activity. To investigate the domains of FBXL10 required for the inhibition of adipogenesis, we expressed a series of FBXL10 mutants in 3T3-L1 preadipocytes by retroviral transduction, and we compared their ability to influence adipogenesis following treatment with the MDI differentiation mixture. Engineered mutants lacking the JmjC or the PHD finger domains still resulted in the inhibition of adipogenesis, whereas the loss of either the F-box or LRRs resulted in no inhibition of adipogenesis by both FBXL10-1 and -2 (Fig. 3, A and B) . In a companion experiment, we also examined the effects of overexpression of FBXL11 (also referred to as KDM2A or JHDM1A), which is the closest related paralog of FBXL10/ KDM2B (Fig. 3, A and B) . Transduction of FBXL11 into 3T3-L1 preadipocytes did not show any inhibitory effect on adipogenesis. Protein levels of the ⌬F-box and WT-FBXL10 were com-parable for both isoforms 1 and 2, so their inability to influence adipogenesis by ⌬F-box FBXL10-1 and -2 could not be secondary to effects on protein expression. For loss of LRRs, although the protein levels of ⌬LRRs and WT FBXL10-2 were comparable, that of ⌬LRRs of FBXL10-1 was ϳ50% of WT-FBXL10, so we cannot rule out the possibility that LRR deletion reduced protein stability and resulted in the loss of the inhibitory effect of FBXL10 on adipogenesis (Fig. 3C) . These data show that the repression of adipogenesis by FBXL10-1 and -2 requires both F-box and LRRs domains and confirms that it is independent of JmjC. In agreement with this, FBXL10-2, the naturally occurring JmjC domain lacking variant isoform, is the most abundant FBXL10 isoform in both 3T3-L1 adipocytes and white adipose tissues of mice.
Identification of F-box and LRR-dependent PRC1 Complex-To investigate the mechanism for repression through the F-box and LRRs domains, we performed a comprehensive proteomics analysis to characterize possible proteins that might interact with FBXL10 through these domains. 3T3-L1 preadipocytes were transduced with retroviruses expressing full-length FBXL10-1 and its mutants lacking either F-box (⌬F-box) or LRRs (⌬LRRs) tagged with the V5 epitope, and we compared the profiles of interacting proteins following immunoprecipitation with the V5 antibody by mass spectrometry. The analysis between the ⌬F-box mutant and full-length FBXL10-1 yielded several peptide sequences that were present in the full-length FBXL10-1 immunoprecipitate and absent in the ⌬F-box interacting sample (Fig. 4A) . Proteins corresponding to these peptides include SKP1 (47), BCOR (27, 28) , PcG Ring finger protein PCGF1, and E3 ubiquitin-protein ligase RING1B (Fig. 4B) (48) . These proteins are part of the PRC1 repression complex suggesting that FBXL10 interacts with PRC1 through its F-box domain, and this conclusion is consistent with recent reports that identified FBXL10 as part of a noncanonical PRC1 complex in several different cell lines, including ES cells (26 -29, 49) .
F-box-dependent interactions of RING1B and SKP1 with FBXL10-1 in 3T3-L1 preadipocytes were further validated by co-immunoprecipitation and immunoblot analyses (Fig. 4C) . The interaction between FBXL10-1 and PCGF1 was not clearly FIGURE 1. FBXL10 is a novel anti-adipogenic factor. A, Fbxl10 gene expression during 3T3-L1 adipogenesis. Total RNA was extracted from 3T3-L1 cells at indicated time points of differentiation (0, 12, 24, 48 and 96 h after induction of differentiation), and transcriptional analyses were carried out using a microarray. B, schematic representations of three FBXL10 isoforms (FBXL10-1; NP_001003953, FBXL10-2; NP_038938, and FBXL10-3; NP_001005866). C and D, expression of Fbxl10 isoforms during 3T3-L1 preadipocytes differentiation (C). The PCR data were quantified based on standard curves generated by using serial dilutions of internal plasmid DNA containing both unique sequences of FBXL10-1 and FBXL10-2 and common sequences for all subtypes (D) as described under "Experimental Procedures." The data were converted to copy the number/ng of total RNA (C). D, transcript variants of mouse FBXL10. JmjC, jumonji C domain; CxxC, ZF-CXXC domain; PHD, plant homeodomain; NoLS, nucleolar localization signal; LRR, leucine-rich repeat (top). The exons and introns of mouse G, transcriptional changes of adipogenic genes in FBXL10-1-transduced preadipocytes during adipogenesis. Cells were harvested at the indicated times of differentiation, and transcriptional analyses were carried out using a microarray. H, mRNA levels of Pparg1 and Pparg2 in 3T3-L1 preadipocytes stably expressing FBXL10-1 or empty vector at indicated time points during differentiation were measured by qPCR The mRNA values are depicted relative to mRNA in empty 3T3-L1 preadipocytes at day 0 of differentiation, which was arbitrarily defined as 1. Data represent mean Ϯ S.E. of three technical replicates (error bars are too tiny to see). I, PPAR␥ and RING1B protein levels in FBXL10-overexpressing 3T3-L1 preadipocytes. Whole cell lysates from 3T3-L1 preadipocytes stably expressing FBXL10-1, FBXL10-2, or empty vector at indicated hours after induction for differentiation were subjected to immunoblot (IB) analysis. J, 3T3-L1 cells were reverse-transfected at a density of 3 ϫ 10 5 cells/6-well plates with siRNAs for Fbxl10 (si-Fbxl10 #1 and #2) (20 nM) or the siRNA negative control (si-Ctr) using Lipofectamine RNAi MAX (Invitrogen). Knockdown efficiency of Fbxl10 in each 3T3-L1 preadipocyte was determined by qPCR. Data are presented as relative percentage of control siRNA-transfected cells (top panel). Cells were induced to differentiate with dexamethasone (DEX), DEX plus insulin (DI), or MDI and were stained with ORO at day 8 of differentiation (bottom panel). FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4169 detected by this method (data not shown). Additional proteomic analysis comparing V5-tagged ⌬LRRand full-length FBXL10-1-interacting proteins also identified the same series of proteins (i.e. SKP1, BCOR, PCGF1, and RING1B) bound to FBXL10 in an LRR-dependent manner (Fig. 4D) . These data demonstrated that F-box and LRRs are both required for interaction with PRC1.
Knockdown of Either SKP1 or RING1B Reversed the Inhibition of FBXL10 on Adipogenesis-SKP1 showed the highest number of peptides that matched in the co-immunoprecipitates of FBXL10, which were reduced in ⌬F-box mutant and ⌬LRR. A direct interaction between SKP1 and FBXL10 was also recently reported (50) . If SKP1 is the responsible molecule for the F-box and LRR-mediated repression of adipogenesis, knockdown of SKP1 would rescue FBXL10-induced suppression of adipogenesis. Accordingly, we transfected siRNA designed to inactivate SKP1 into FBXL10-1-transduced preadipocytes, and we examined adipocyte differentiation. Retroviral transduction of FBXL10 inhibited the ability of the MDI mixture to induce differentiation, and inactivation of FBXL10 by siRNA transfection restored adipocyte differentiation as demonstrated by Oil Red O staining (Fig. 4E) . Consistent with our hypothesis, specific 
knockdown of SKP1 reversed the inhibition of FBXL10 on adipogenesis ( Fig. 4E) . Similar results were also obtained by knockdown of RING1B (Fig. 4E) indicating that SKP1 and RING1B mediate the inhibitory effect of overexpressed FBXL10 on adipogenesis through the formation of a protein complex. This recovery of adipogenesis was associated with the recovery of G 1 to S phase entry at the second round of MCE (Fig. 4F) . Although SKP1 is a component of SCF ubiquitin ligase complex composed of SKP1, CUL1, and F-box proteins and contributes to cell cycle control through the ubiquitin proteasome pathway (47, 51) , knockdown of CUL1 did not rescue the inhibition of adipogenesis by FBXL10 (Fig. 4E) ; in agreement with this, CUL1 was not identified in our proteomics analyses (Fig. 4A) . Taken together, these data show that forced expression of FBXL10 inhibits 3T3-L1 preadipocyte differentiation through interaction with a noncanonical PRC1, at least in part, by regulating the second MCE.
Genomic Localization of FBXL10 in 3T3-L1 Preadipocytes-To identify direct targets of FBXL10 and its associated noncanonical PRC1 complex, we performed ChIP-seq and global gene expression analysis. 3T3-L1 preadipocytes transduced with the retroviral vector for V5-tagged FBXL10 or its ⌬F-box mutant were treated with the MDI mixture for 2 days, and ChIP-seq was conducted using anti-V5 tag or anti-RING1B antibodies. ChIP-seq peak calling by MACS showed V5-FBXL10 localized mostly on proximal promoter (22%) or intragenic regions (52%) (Fig. 5A, left panel) . Peak calling analysis by SICER program for the RING1B-ChIP-seq identified 29,475, 31,111, and 21,720 regions as significant binding sites of RING1B in empty, FBXL10-1, and ⌬F-box mutant vectortransduced 3T3-L1 preadipocytes, respectively. This analysis also revealed that RING1B localized mostly on the intragenic region (45%), intergenic region (33%), and proximal promoter (13%) (Fig. 5A, right panel) . The sequence tag densities of both V5-FBXL10 and RING1B were mostly concentrated within the proximal regions of TSS (Fig. 5B ).
Because inhibition of adipogenesis was dependent on the FBXL10 F-box domain, we sought to identify RING1B target genes whose recruitment was dependent on the expression of FBXL10 wild-type but not ⌬F-box mutant. The Venn diagram in Fig. 5C, left panel, shows 19 ,168 RING1B binding regions (annotated to 7,989 genes) that met the above criteria (shown in red). A global gene expression analysis in empty and FBXL10 vector-transduced 3T3-L1 preadipocytes at 48 h of induction demonstrated that 1,176 genes were down-regulated by more than 2 Ϫ0.6 -fold by FBXL10 (Fig. 5C, right panel, Venn diagram) . A gene ontology enrichment analysis revealed that many of these genes were associated with GO terms related to mitotic cell cycle-related genes (p Ͻ 10 Ϫ11 ) ( Fig. 5D ). Of these, 373 genes overlapped with RING1B-binding sites (Fig. 5C , right panel, Venn diagram, and supplemental Table 1 ). These genes include cyclin-dependent kinase 1 (Cdk1), ubiquitin-like, containing PHD and RING finger domains, 1 (Uhrf1), and peroxisome proliferator activated receptor ␥ (Pparg) (supplemental Table 1 ). Cdk1 gene product is pivotal for the mammalian cell cycle that regulates both S phase and M phase (52, 53) ; Uhrf1 (also referred to as Icbp90 or Np95) gene product is reported to regulate G 1 /S transition (54, 55) , and the Pparg1 and -2 gene A, schematic representations of wild-type FBXL10-1 and -2 isoforms and their different mutants and FBXL11. B, 3T3-L1 preadipocytes overexpressing V5-tagged wild-type FBXL10-1, -2, their mutants, and FLAG-tagged FBXL11 were induced for differentiation with MDI mixture as described, and ORO was performed at day 8. C, expressions of transduced proteins were assessed by immunoblot analysis with anti-V5 or anti-FLAG. In lanes 9 -12, sequentially diluted lysates from 3T3-L1 preadipocytes expressing full-length FBXL10-1 are shown as the standard to estimate the protein level of ⌬LRR-FBXL10-1. Equal loading of the proteins were confirmed by the detection of nuclear protein TATA-binding protein (TBP). FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 product is a master regulator for adipogenesis. ChIP-seq and ChIP-qPCR analyses around these genes confirmed recruitment of RING1B to the TSS sites of the above genes (Fig. 5, E  and F) . Recruitment of RING1B at these genes in FBXL10-transduced 3T3-L1 preadipocytes was associated with reduction in expression of their mRNAs (Figs. 1H, 2F, and 5G) . These data further indicate that Pparg1 and -2 genes are direct targets of RING1B recruited by forced expression of FBXL10 wild-type Blot with:  2  1  3   MPC2  SOAT1  APOOL  MOSC2  S61A1  MPCP  RPN2  ADT1  FADS2  TBL2  SCMC1  SURF4  YMEL1  IMMT  LBR  MTCH2  SAM50  STT3B  VDAC2  VDAC3  NDUAA  CHCH3  DSR7B  NDUS1  QCR2  PHB  ABD12  AT131  MED12  KDM2B  /FBXL10 0.0089 0.5442
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FIGURE 4. FBXL10/KDM2B forms a noncanonical PRC1 complex in 3T3-L1 preadipocytes containing RING1B and SKP1 via F-box and LRRs. A-D, FBXL10
in 3T3-L1 associates with a variant PRC1 complex containing RING1B, BCOR/BCORL1, PCGF1, and SKP1. 3T3-L1 preadipocytes overexpressing either V5-tagged full-length FBXL10 (Full) or F-box deletion mutant (⌬F-box) were immunoprecipitated by anti-V5 and then subjected to mass spectrometry as described under "Experimental Procedures." A, heat map representing identified protein whose abundance was 3-fold higher in full-length FBXL10 relative to that in ⌬F-box (n ϭ 2). B and D, abundance of peptides co-immunoprecipitated was normalized by Progenesis TM software (Nonlinear Dynamics, Newcastle, UK) using those of the FBXL10 peptide peaks (LAGLDITDVSLR(2ϩ), ASSLQTSPGSSSHLS(3ϩ), IKESEGVVNDELPNC(3ϩ)) as a control. B, normalized abundance of SKP1, BCOR, PCGF1, or RING1B co-immunoprecipitated with either full-length or ⌬F-box FBXL10. C, immunoblot analysis verifying that FBXL10 interacts with RING1B, SKP1, and BCOR. Full-length or ⌬F-box FBXL10-1 was immunoprecipitated by anti-V5 or mouse IgG cross-linked with Dynabeads protein G. Aliquots of protein were subjected to SDS-PAGE followed by immunoblot analysis using anti-V5, anti-SKP1 (#2156), anti-BCOR (SAB4502272), or anti-RING1B (#5694). D, identified proteins (SKP1, BCOR, PCGF1, and RING1B) that interact with FBXL10 dependently of LRRs domain of FBXL10. 3T3-L1 preadipocytes overexpressing V5-tagged full-length FBXL10 (Full) and LRR deletion mutant (⌬LRR) were immunoprecipitated with anti-V5 and then subjected to mass spectrometry and the abundance of peptides were normalized. E, 3T3-L1 preadipocyte-transduced FBXL10-1 was transfected with siRNA specifically targeting Fbxl10, Skp1, Ring1b, or Cul1 or control siRNA. Cells were induced to differentiate with MDI and were stained with ORO at day 8 of differentiation (top panel). Knockdown efficiency of Fbxl10, Skp1, Ring1b, and Cul1 in 3T3-L1 preadipocytes overexpressing FBXL10-1 at day 0 of differentiation was determined by qPCR. Data were presented as relative percentage of control siRNA-transfected cells (bottom panel). F, cell cycle analysis using FACS performed with FBXL10-1 overexpressed 3T3-L1 preadipocytes in comparison with those overexpressing empty vector transfected with control siRNA or siRNA targeting Skp1 at 48 h of induction by MDI mixture as described in the legends to Fig. 2, C and D (left panel) . The ratio of the cells at S phase of cells at 48 h after induction are shown (right panel). Data represent S.E. of three technical replicates. ***, p Ͻ 0.001 compared with control. Uhrf1 Pparg1 Pparg2 Pparg2
Relative mRNA levels FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4173 but not the ⌬F-box mutant, which barely associated with RING1B ( Fig. 4, B and C) . These data suggest that Pparg1 and Pparg2 gene expressions were directly suppressed by FBXL10-RING1B containing variant PRC1. Consistent with this notion, the inhibitory effect of FBXL10 on adipogenesis was not rescued by agonistic activation of PPAR␥ by synthetic ligand troglitazone (56) in FBXL10-transduced 3T3-L1 preadipocytes (Fig. 5H ). Note that this inhibition was restored by inactivation of RING1B by siRNA transfection (Fig. 4E ).
FBXL10/KDM2B-PRC1 Protein Complex Inhibits Adipogenesis
RING1B recruitment to target genes by FBXL10 is known to cause monoubiquitination of H2AK119, which in turn recruits PRC2 for H3K27me3 modification (26, 29, 30) . To examine whether FBXL10-RING1B complex also leads to H2AK119ub or H3K27me3 to repress transcriptions of Cdk1, Uhrf1, and Pparg1 and -2, we performed ChIP-qPCR using anti-H2Aub and anti-H3K27me3 antibodies in retrovirally transduced 3T3-L1 preadipocytes. Although we detected appreciable levels of H2A monoubiquitination and H3K27me3 modifications at the HoxC8 gene, we could hardly detect H2Aub or H3K27me3 modifications across Cdk1 and Pparg1 and -2 genes (Fig. 5I ). In addition, forced expression of FBXL10 did not affect these histone modification levels (Fig. 5I) . The total cellular level of H2AK119ub was much lower in 3T3-L1 preadipocytes as compared with TT2 ES cells (Fig. 5J ). In agreement with this, the cellular RING1B protein levels and the recruitment of RING1B to Pparg regions were much higher in TT2 ES cells, which are not committed to preadipocytes, compared with those in 3T3-L1 preadipocytes (Fig. 5, J and K) .
Taken together, we concluded that FBXL10 recruits the noncanonical PRC1 complex to directly repress Cdk1, Uhrf1, and Pparg that may account for the FBXL10-mediated inhibition of adipogenesis. The transcriptional repression may not be mediated by H2Aub or H3K27me3.
DISCUSSION
Mitotic clonal expansion is a critical step that takes place in 3T3-L1 adipocyte differentiation. In this study, we showed that FBXL10/KDM2B regulates adipogenesis via the formation of noncanonical PRC1 by regulating MCE and also Pparg genes expression. In 3T3-L1 preadipocyte differentiation, Fbxl10 gene expression is induced by 4-fold during the early phase of differentiation (first 48 h), which corresponds to the two rounds of MCE, and Fbxl10 expression is abruptly declined at the timing of the completion of second MCE, reciprocally, Pparg1 and -2 gene expression abruptly increases at this time.
Noncanonical Polycomb Recessive Complex 1-mediated Inhibition of MCE and Adipogenesis-When FBXL10 was overexpressed in 3T3-L1 preadipocytes, MCE was arrested at G 1 /S (and also G 2 /M) after the first MCE, and the cells did not undergo terminal differentiation. This inhibition was independent of the demethylase activity of FBXL10 because the JmjC domain deletion mutant of FBXL10 still had the ability to inhibit adipogenesis. Also, the major isoform of Fbxl10 in both 3T3-L1 cells and adipose tissue in vivo lacks the JmjC domain, and its expression is induced dramatically in dietinduced obese mice (Fig. 1, C and E) . Intriguingly, FBXL10induced inhibition of adipogenesis was depending on the F-box domain. The best understood role of F-box proteins is as a substrate recognition component of an SCF ubiquitin ligase complex that contain SKP1, CUL1, ROC1, and one F-box protein. Some F-box proteins such as FBXW7 contribute to cell cycle control through the ubiquitin-proteasome pathway (51) . FBXL10 formed a complex with SKP1; however, it did not interact with CUL1 in 3T3-L1 preadipocytes consistent with previous studies performed in three other cell lines (50) . In agreement with this result, the knockdown of CUL1 did not restore FBXL10-induced inhibition of adipocyte differentiation. Thus, we conclude that the inhibition of adipogenesis by FBXL10 is not mediated by through interacting with an SCF complex.
By contrast, our proteomics revealed that FBXL10 associated with SKP1, RING1B, and BCOR, and this required both the F-box and LRR domains. Other studies also showed that FBXL10, BCOR, and RING1B form a complex, which is recently referred to as a noncanonical PRC1 complex (26 -28) . Knockdown of either RING1B or SKP1 restored FBXL10-induced inhibition of adipogenesis, and in addition, this restoration of adipocyte differentiation was associated with the restoration of G 1 /S transition at the second MCE (Fig. 4, E and F) . . Full-length FBXL10-1-induced RING1B-binding sites (19168 sites) were annotated to 7,989 genes. The number of RING1B-binding genes depending on V5-tagged wild-type FBXL10-1 expression and the number of genes suppressing more than 2 Ϫ0.6 in FBXL10-1 transduced cells are shown in the Venn diagram in the right panel. All transcripts with average difference call below 100 in empty 3T3-L1 preadipocytes were excluded. D, histogram displaying fold enrichment values for GO term analysis of the genes that are down-regulated more than 2 Ϫ0.6 in FBXL10-1-overexpressing 3T3-L1 preadipocytes relative to those of control cells. E, ChIP-seq profiles for H3K4me3, V5-FBXL10, and RING1B on Cdk1, Uhrf1, Pparg1, and Pparg2 genomic regions. 3T3-L1 preadipocytes stably expressing wild-type (FBXL10) or F-box deletion mutant (⌬F-box) FBXL10-1, or empty vector (Empty) at day 2 of differentiation were subjected to ChIP-seq analysis. ChIP-seq using anti-RING1B antibody was performed twice (Exp. 1 and Exp. 2) and presented with ChIP-seq profiles for H3K4me3 and V5-FBXL10. Scale bars indicate 1 kb. F, ChIP-qPCR analysis of RING2B on the Pparg1 and Pparg2 genes using set of primers that amplifies TSS (as listed in Table 2 ) in 3T3-L1 preadipocytes at day 2. Data are normalized to precipitated DNA (fold enrichment). Error bars represent Ϯ S.E. of three technical replicates. *, p Ͻ 0.05 compared with control. G, qPCR of Uhfr1 in 3T3-L1 preadipocytes stably expressing FBXL10-1 or empty vector. The mRNA values are depicted relative to mRNA in the control group (empty vector), which is arbitrarily defined as 1. Data represent Ϯ S.E. of three technical replicates. ***, p Ͻ 0.001 compared with control. H, 3T3-L1 preadipocytes overexpressing wild type or ⌬F-box FBXL10 were induced for differentiation with MDI and 1 M troglitazone, and ORO was performed at day 8. I, ChIP-qPCR analysis of H2Aub (left panel) and H3K27me3 (right panel) on the Ppib, Cdk1, Pparg1, Pparg2, and HoxC8 genes using set of primers as listed in Table 2 in 3T3-L1 preadipocytes at day 2. Data are normalized to precipitated DNA (fold enrichment). Error bars represent Ϯ S.E. of three technical replicates. J, immunoblot (IB) analysis of H2AK119ub (left panel) and RING1B (middle panel) in 3T3-L1 preadipocytes and TT2 ES cells using either anti-H2Aub (catalog no. 8240, Cell Signaling Technology) or anti-H3K27me3 (catalog no. 07449, Millipore) antibody. Equal loading of the proteins was confirmed by the detection of ␤-actin (ACTB; A5441) (right panel). K, ChIP-seq profiles of RING1B on PPARg1 genomic region in TT2 ES cells or 3T3-L1 preadipocytes (day 0). Scale bars indicate 1 kb.
FBXL10/KDM2B-PRC1 Protein Complex Inhibits Adipogenesis
Thus, we conclude that forced expression of FBXL10 inhibited adipogenesis through the formation of noncanonical PRC1, at least in part, by arresting the cell cycle.
Noncanonical PRC1 Targets Pparg Genes in FBXL10-transduced Preadipocytes-We identified the adipogenic master regulator Pparg genes as a direct target of RING1B that may account for the inhibitory effect of FBXL10-PRC1 on adipogenesis. This finding is further supported by the observations that agonistic activation of PPAR␥ could not rescue the inhibitory effect of FBXL10 on adipogenesis (Fig. 5H) . By contrast, knockdown of RING1B rescued this inhibition by FBXL10 indicating that the PRC1 complex directly represses Pparg gene transcription.
Our ChIP-seq analyses in 3T3-L1 preadipocytes demonstrated that the major binding sites of FBXL10 are intragenic. It has been demonstrated that FBXL10 preferentially binds to CpG islands (CGI) and co-localizes with RING1B on polycomb target genes in ES cells. Although some target genes are classified as non-CGI genes, they still contain CpG-rich sequences just below the strict threshold for classifying UCSC-annotated CpG islands (26, 29, 30) . In agreement with this, our data showed that RING1B was recruited to TSS and intragenic sites within FBXL10 targets (i.e. Cdk1, Uhrf1, Pparg1, and -2) in WT-FBXL10-expressing 3T3-L1 preadipocytes but not in those overexpressing ⌬F-box-FBXL10 mutant. Interestingly, this mutant does not associate with RING1B (Fig. 5E ). These data support the previous reports that FBXL10 interacts with RING1B forming noncanonical PRC1 and targets to CpG-rich sequences in intragenic regions at the target loci.
It was previously reported that FBXL10 is highly expressed in ES cells and is down-regulated upon differentiation (19) . In this context, FBXL10 enhances reprogramming, importantly, not through normal demethylation activity but through a noncanonical PRC1-mediated mechanism (31) . Our data show that RING1B levels at the TSS of Pparg1 were pretty high in ES cells (Fig. 5K) ; by contrast, its recruitment in 3T3-L1 preadipocytes was hardly detectable. Because forced expression of FBXL10 in 3T3-L1 preadipocytes led to higher RING1B recruitment at the Pparg1 locus, which was accompanied by the inhibition of Pparg expression and adipocyte differentiation, we propose that FBXL10 may function to maintain pluripotency prior to the induction of adipogenesis. This notion is in agreement with the role of FBXL10 in maintaining pluripotency of ES/iPS cells (19, 31) . These data also suggest that Pparg is a key target of FBXL10 and FBXL10-PRC1 to inhibit the commitment of ES cells to preadipocytes to maintain pluripotency.
We failed to detect H2Aub at this locus in transduced 3T3-L1 preadipocytes, although we cannot rule out the possibility that H2Aubs in 3T3-L1 preadipocytes were too low to be detected by commercially available current anti-H2Aub antibody. Recently, enzymatic activity-independent functions for histone modification enzymes have been reported where they can function as a scaffold for co-activator or repressor recruitment (57, 58) . H2A ubiquitination plays an important role in PRC1-mediated silencing; however, how H2A ubiquitination influences repression is not fully understood. RING1B is associated with chromatin compaction at target loci independently of histone ubiquitination activity (58, 59) . Therefore, other mechanisms, including chromatin compac-tion, are likely to mediate the FBXL10-PRC1-repressive capacity in 3T3-L1 preadipocytes.
